Despite the need for large-scale retrofit of UK housing to meet emissions reduction targets, progress to date has been slow and domestic energy efficiency policies have struggled to accelerate housing retrofit processes. There is a need for housing retrofit policies that overcome key barriers within the retrofit sector while maintaining economic viability for customers, funding organizations, and effectively addressing UK emission reductions and fuel poverty targets. In this study, we use a simple assessment framework to assess three policies (the Variable Council Tax, the Variable Stamp Duty Land Tax, and Green Mortgage) proposed to replace the UK's current major domestic retrofit programme known as the Energy Company Obligation (ECO). We show that the Variable Council Tax and Green Mortgage proposals have the greatest potential for overcoming the main barriers to retrofit policies while maintaining economic viability and contributing to high-level UK targets. We also show that, while none of the assessed schemes are capable of overcoming all retrofit barriers on their own, a mix of all three policies could address most barriers and provide key benefits such as wide coverage of property markets, operation on existing financial infrastructures, and application of a "carrot-and-stick" approach to incentivize retrofit. Lastly, we indicate that the specific support and protection of fuel-poor households cannot be achieved by a mix of these policies and a complementary scheme focused on fuel-poor households is required.
Introduction
With domestic buildings accounting for 30% of the UK's final energy consumption [1] and 25% of UK carbon emissions [2] , energy efficiency improvements in residential housing could deliver carbon savings of 24 Mt CO 2 per annum by 2030 [3] . The potential for domestic energy efficiency interventions to generate emission reductions and improve welfare has prompted urgent calls for progressing the large-scale retrofit of the UK housing stock. In 2017, the UK Committee on Climate Change called for a "major overhaul" of domestic energy efficiency policy as one of a portfolio of measures proposed to close the forecasted gap in meeting the UK's 5th carbon budget (100-170 Mt CO 2 e per year) [4] .
The urgency of progressing housing retrofit is also rooted in the slow progress to date of UK policy schemes, which have aimed to accelerate domestic energy efficiency improvements. However, they have fallen short of achieving their targets. One recent example is the Green Deal, which is a pay-as-you-save loan scheme that, despite initial plans to retrofit 14 million homes between 2013 and 2020 [5] , was only taken up by 16,000 households [3] and saved 0.4 Mt CO 2 over three years of its operation [5] . This was largely due to the high interest rates of loans offered to residents, which renders many retrofit measures unaffordable [6] .
Such policy shortfalls are identified by applying various policy assessment methods in which most currently focus on techno-economic evaluation and fail to apply a holistic approach toward identifying non-economic barriers to policy success. In this study, we propose a simple policy assessment framework to holistically assess the suitability of energy efficiency policies for overcoming barriers and meeting stakeholder needs in the UK housing and retrofit sectors. Our approach combines a profit-and-loss analysis with a qualitative stakeholder analysis and assesses the performance of the policy proposals in light of the results. By incorporating stakeholder needs, the framework seeks to apply a more holistic approach toward assessing the performance of policies in a complex sector populated by diverse actor groups. The application of a more holistic approach means that assessment methods such as the one presented in this manuscript can help identify potential policy failures and develop recommendations grounded in a systemic view of the barriers, opportunities, and needs that co-exist in the UK retrofit sector. Ultimately, this study aims to contribute to policy assessment research by exemplifying a framework that incorporates a systemic view of barriers in the retrofit sector as well as by discussing how this approach can provide better insight for developing future policy recommendations.
We apply the above approach to analyze three policies recently proposed as replacements for the Energy Company Obligation (ECO), which is the UK's current major energy efficiency program and suggest how these policies might contribute to the acceleration of housing retrofit in the UK. In the rest of this paper, we present the assessment framework (Section 2), introduce the policy proposals and detail the assessment methodology (Section 3), and present and discuss the results of the assessment (Section 4). Section 5 concludes of the paper by interpreting the results and provides some recommendations for future policy design.
Background
There are a large number of policy evaluation methods, which provide detailed assessment at the technical, economic, and institutional levels of the retrofit sector [7] [8] [9] [10] . However, these assessments focus mainly on overcoming technological (i.e., barriers related to the technical characteristics of retrofit measures such as lifetime) and economic barriers (i.e., barriers related to the economic characteristics of retrofit measures such as cost) and rarely incorporate the barriers and opportunities perceived by factors in the sector [11] especially non-economic barriers (i.e., barriers not directly related to the technical or economic characteristics of retrofit measures such as the level of political commitment to housing retrofit measures). The need for identifying and overcoming non-economic barriers has been recognized and most recently highlighted in recommendations for the development of future energy efficiency policies in the UK [12] . An increased focus on the wider societal benefits of domestic energy savings also calls for a better understanding of factors such as the value that they place on the non-economic benefits of retrofit [13] . Overall, the importance of understanding and incorporating the perspectives of factors into effective policy design requires innovation in the policy assessment [14] .
The number of factors within the retrofit sector and the complexity of their relationships calls for a systemic view in policy assessment, which can incorporate the needs of these factors [15] . The need for this systemic view has been described in References [8, 9] as twofold: (i) building knowledge of the cognitive processes underpinning energy conservation activity (not directly relevant to this research) and (ii) creating room for stakeholder cooperation by adopting a systems' view of their needs and relationships. Incorporating an all-inclusive view of stakeholder needs in the energy efficiency policy assessment is challenging and, therefore, most assessment frameworks so far have focused on specific stakeholders or levels of the sector. For example, the Scottish Government's ISM (Individual, Social and Material) contexts tool is a qualitative framework that evaluates how well policies encourage changes in energy consumption behavior among residents [16] . In contrast [17] , we developed a quantitative framework that assesses policies based on their compliance with the energy supplier obligation rationale (e.g., achieving actual energy savings or business model innovation) and alignment with policy success criteria (e.g., cost effectiveness or deliverability). Therefore, these two different assessment frameworks could produce different outcomes when evaluating the same policy and neither uses a holistic approach to represent stakeholders operating in a complex system.
By applying a narrow focus, the above-described methodologies address specific areas of performance, which risks ignoring barriers and drivers in the wider system in which the policy is deployed. There is a current need for research that assesses policy through a holistic approach by incorporating barriers and drivers from across multiple levels and stakeholder groups in the sector. This paper aims to address this research gap by presenting a simple policy assessment framework, which looks beyond techno-economic evaluation and the needs of a single stakeholder group. Using insight from research on socio-technical systems (STS) [18] [19] [20] [21] [22] , the framework aims to fulfill three main conditions, which are outlined below.
(i) The technical and economic constraints of retrofit measures must be accounted for.
(ii) The interests of actors and their relationships within the system retrofit system must be described and analyzed [23, 24] . (iii) System-level drivers (e.g., long-term political goals, supranational policies, and existing infrastructure) must be incorporated [10] .
From these conditions, the policy assessment framework is centered on three main questions:
1.
What are the non-economic barriers to retrofit, perceived by stakeholders, and how well do the policies perform in overcoming these barriers? 2.
What are the wider governmental objectives linked to energy and climate policies of national and international interest and how well do the policies align with these objectives? 3.
What are the costs and payback times of retrofit measures to residential energy consumers and organizations delivering the policies under different retrofit policies and the associated techno-economic assumptions?
By addressing these questions, the proposed framework expands the focus of the assessment to include non-economic stakeholder barriers and governmental objectives, which are analyzed in parallel with the economic aspects of the policies. This allows us to address the previously mentioned shortcomings of current policy assessment methods, which tend to focus only on one dimension of the sector, e.g., the economic aspects of retrofit or the needs of a single stakeholder groups. The questions are addressed-in sequence-through a three-step assessment methodology.
A literature review and small-scale stakeholder analysis to identify the main barriers and the wider governmental objectives, which should be addressed by each policy.
2.
An assessment of the costs to consumers and funding organizations of conducting housing upgrades under each policy.
3.
A simple ex-ante assessment of each policy based on the performance of the policy in maintaining economic viability, addressing stakeholder barriers, and contributing to the achievement of wider governmental objectives.
Materials and Methods

Introduction
In the UK, the advancement of domestic energy efficiency through housing retrofit measures has primarily occurred through large-scale, government-implemented schemes. Of these, the Energy Company Obligation (ECO) has been the main domestic energy efficiency scheme [17] , which functions as an obligation on large energy suppliers to subsidize energy-saving retrofits on households within their customer base. Suppliers are required to meet a target number of "ECO points", which are gained by retrofitting energy-saving measures to a property and thus upgrading the property's Energy Performance Certificate (EPC) band, a standardized measure of energy efficiency performance for British buildings which ranges from A (best performance) to G (worst performance) [25, 26] . The costs of installing retrofit measures are passed on to consumers through their energy bills [25] .
Over its lifetime, the ECO has been amended several times in attempts to boost its effectiveness, with the current revision in force as an 18-month transitory phase [27] ahead of the proposed ECO3 start in October 2018 [28] . Currently, the performance of the ECO is assessed against two 'pillars': (i) its ability to reduce household energy-related CO 2 emissions and (ii) its ability to contribute to the elimination of fuel poverty (fuel-poor households are defined as those with energy costs above the national median and whose residual income would be below the national poverty line after paying these energy costs [29] ). By 2015, the ECO had succeeded in generating approximately £6.2 billion in national lifetime savings on energy bills for low-income, vulnerable households. This was projected to achieve a total emissions reduction of 33.7 Mt CO 2 by 2017, which is substantially less than the scheme's predecessors known as the Carbon Emissions Reduction Target and Community Energy Saving Program, which generated combined savings of 313.21 Mt CO 2 over five years [30] . The improvement of solid wall (SW) properties was below the initial targets. The contribution to fuel poverty alleviation was indiscernible and overall the scheme was less cost-effective than originally hoped [26] . At the same time, the UK government's commitment to the Clean Growth Strategy, which sets out an ambitious plan for meeting carbon reduction targets while reducing consumer costs and increasing socio-economic benefits calls for improvement in the effectiveness and impact of domestic energy efficiency policies including the flagship ECO [31] .
Policy Proposals Selected for Assessment
The issues experienced by the ECO scheme led to several proposals for successor policies being put forward by academic and industry bodies. This study assesses three of these policy proposals (Table 1) by using the method described in Section 2 and is further detailed in Section 3.3. The proposals were based on EPC upgrades, which means that financial incentives or penalties were tied to a household's EPC rating. It should be noted that there are other policies proposed to replace the ECO, which are not based on EPC upgrades, but rather on the deployment of individual energy-saving measures. For the purpose of comparability in this analysis, all assessed policies were selected to be based on EPC upgrades.
For simplification, all properties were standardized in this analysis to semi-detached, gas-heated households, which are a common type of UK domestic property [32] . Adjusts a household's Council Tax liability to its Energy Performance Certificate (EPC) rating. Deviation from a 'neutral' EPC band (E) results in either a rebate or a penalty applied to the household's annual Council Tax rate. For the sake of the analysis, this policy is assumed to exclude fuel-poor households. The scheme would be preceded by EPC assessments on all households without a certificate already in place to determine the appropriate level of tax adjustment. Assessments for fuel-poor households would be funded through systemic expenses even if these households do not participate in the scheme. The completion of EPC assessments in fuel-poor households was assumed to be carried out in tandem with those of able-to-pay households due to the current lack of specific information on the fuel poverty status of UK households. The policy would be implemented by local authorities and integrated with the existing Council Tax system. The systemic cost of the policy is calculated by assuming that households in bands F and G (the 'penalty zone') are upgraded to band E while households in band E or above (the 'discount zone') are upgraded by one band. The VCT scheme was proposed by the UK Association for the Conservation of Energy [33] . Adjustment of the stamp duty (SDLT) (a UK tax paid by the buyer upon the purchase of a property) based on the deviation of the property's EPC band from a 'neutral' band D under a rebate-penalty scheme similar to that of the VCT. In this scheme, the financial burden of retrofit falls on the seller while the SDLT rebates or penalties impact the buyer. The policy is aimed exclusively at households with a capital value of over £125,000, attempting to avoid the penalization of fuel-poor households. The VSDLT was previously proposed and analyzed by both a number of professional organizations and academics [3, [34] [35] [36] .
Green Mortgage (GM)
The scheme proposes the use of property EPC ratings and resident energy expenses as customer eligibility criteria for new mortgages. It also encourages the offering of re-mortgage products which cover the financing of energy-saving measures (for example, up to £2500 extension per EPC band upgrade, for a maximum of 2 bands) to existing homeowners [37] . A repayment period of 10 years at the interest rates of the Nationwide Green Additional Borrowing Service (1.49% fixed interest rate for the first 2 years and standard variable rate of 3.99% for the remainder of the repayment time) is assumed [38] . This policy has been proposed by both the UK Green Building Council [39] and CE Wales [37] .
Methodology
Stakeholder Analysis
In the first step, a stakeholder analysis is conducted in order to identify the barriers perceived by different actors in the retrofit system. In the case of a residential housing system, the main actors in the retrofit sector, aside from residential energy consumers, fulfill the functions of property construction, design, maintenance, and use (Table 2 ). Since these actors coexist in a state of relative coordination within the retrofit sector [18] , the barriers which they perceive can disrupt the retrofit supply and management chains by causing over-supply or under-supply of materials and skills. Therefore, identifying what barriers stakeholders need support in overcoming is important for designing effective and impactful policies for the housing retrofit sector. Table 2 . Main actors in the UK retrofit sector (adapted from [23] ).
Stakeholder Group Definition
Tenant All residents occupying properties that they do not own or which they partially own. Homeowner All residents occupying properties that they wholly own and all private landlords. Housing association All social housing associations that own residential property. Manufacturers Suppliers for retrofit installation and maintenance processes.
Designers
Companies or individual experts involved in the planning and design of a retrofit project.
Project managers
Companies or individuals managing a retrofit project. Self-build projects are assigned to tenants or homeowners.
Consultants
Companies or individuals hired to provide expert advice on a retrofit project. Energy suppliers Companies delivering energy products to tenants, owner-occupiers, and housing associations.
Capital providers Banks, lenders, or investors providing access to capital for the purpose of financing a retrofit project.
Public authorities
Governance agencies responsible for the oversight and strategizing of housing development projects including building codes and standards.
In this analysis, stakeholders are asked to assign a perceived importance to a range of barriers for domestic retrofit procedures in the UK identified through an earlier-conducted literature review ( Table 3 ). The analysis is conducted through 13 semi-structured interviews with expert stakeholders from the 10 main actor groups operating in the UK retrofit sector who are asked to score their perceived importance of each barrier ranging from "not at all important" to "very important." The most widely cited and highest-ranked barriers are then used to develop a list of policy "attributes," which stakeholders expect to see demonstrated in domestic retrofit programs. The stakeholder analysis, therefore, uses a pre-identified set of barriers to assess the needs of actors in the retrofit sector. Akin to the economic analysis, this methodological step aims to create a set of common performance criteria, which allows for the policies to be compared. Although the above set of barriers is specific to the UK, it can be adjusted according to the national and sectoral context where any policy is proposed for deployment.
The policy attributes highlighted by stakeholders are supplemented by a number of objectives outlined in the UK government's 2017 Clean Growth Strategy [31] . These are not directly included in the stakeholder analysis, i.e., stakeholders were not asked to score their importance but rather are included in the assessment as attributes in which policies would need to demonstrate the fulfillment of the needs of the UK government.
The following main attributes for policy assessment are identified as:
a. The ability to mobilize the solid wall insulation (SWI) market. b.
CO 2 abatement potential. c.
The ability to specifically support fuel-poor households.
The results of this first assessment stage are outlined in Section 4.1.
Economic Analysis
The second step in the methodology is to assess the costs of each policy proposal to consumers (residents) and funding organizations (the UK government and mortgage lending institutions) based on a simple profit-and-loss analysis used previously in ex ante policy assessments such as in References [44] [45] [46] . For clarity, the profits and losses to funding organizations are termed "systemic profits" and "systemic losses", respectively.
Annual consumer losses are defined as the sum of retrofit costs (the cost of upgrading an EPC band) and policy-related costs (e.g., penalties for non-compliance along with loan and interest repayments), and profits as the sum of direct revenue (e.g., rewards for compliance and subsidies or incentives) and indirect revenue (e.g., energy bill savings) under each policy proposal. The increase in property value linked to EPC upgrades (see Section 4 of Supplementary Materials) is not directly accounted for in the economic analysis but rather is assessed as a separate performance criterion (Section 4.1). Annual systemic losses are defined as the sum of policy delivery costs to the funding organizations (cost of conducting EPC assessments in all targeted households, rewards for efficient properties, loans, and marketing and administrative costs) and profits as the sum of policy-related revenue (penalties for inefficient properties, loan repayments, and interest). The profits and losses of each scheme are calculated based on the costs (capital and operating) and lifetime of a number of well-established retrofit measures, which are frequently used to upgrade a property's EPC band (see Supplementary Materials). An eligible customer base is pre-defined for the schemes and annual uptake is estimated based on existing literature (see Supplementary Materials). These constraints are not binding, but have been defined for the purpose of conducting this analysis based on the design of the original policy proposals.
It should be noted that, for households of EPC band E or above, the upgrade between EPC bands has the same cost for SW and cavity wall (CW) properties. This is because the energy-saving measures typically recommended for upgrading between EPC bands above band E are the same for SW and CW properties as opposed to those recommended for upgrading between EPC bands below band E, which involve different types of wall insulation (see Supplementary Materials).
This economic viability assessment, therefore, creates simple metrics to compare policy performance. If under a proposed scheme, the capital cost and payback times of upgrading an EPC band is reasonable, this scheme is deemed to be financially viable for consumers. Financial viability of the policies is assessed for both SW and CW households to determine how much the consumer burden varied between hard-to-treat and easy-to-treat properties, respectively. From the systemic perspective, if the annual cost of deploying the proposed policy is less than the annual budget of the ECO3 (as the program being proposed to be replaced), the scheme is considered financially viable towards the funding organizations. The annual budget of the ECO3 is estimated at £640 million [28] .
The results of the profit-and-loss analysis are outlined in Section 4.2.
Final Assessment
The results of the stakeholder and economic analyses are combined to conduct a simple ex-ante assessment of overall performance of the schemes based on projected economic feasibility (the ability to reduce retrofit costs to customers and funding bodies) and whether the policies demonstrated the attributes important to stakeholders and aligned with wider governmental objectives. The performance of policies based on this assessment is discussed in Section 4.3.
Results and Discussion
The following sections present and discuss the results of applying the proposed assessment methodology to the selected policy proposals.
Stakeholder Analysis
Based on the analysis outlined in Section 3.3.1, the barriers most consistently ranked as "very important" or "important" by stakeholders are presented in Table 4 . Lack of certainty in established schemes is perceived as the most important barrier by most stakeholders. It is closely followed by the inadequate compliance of retrofit services with existing business models and lack of long-term government planning. Several barrier categories (customer, installation, and political barriers) are consistently perceived as being important by most stakeholders. All but one stakeholder group considers more than one category of barriers as the most important one, which reinforces the idea that the retrofit sector is complex and experiences barriers at various levels. In addition, the barriers rated highly and most consistently by stakeholders tend to be barriers involving more than one actor group (e.g., the split responsibility between those with investment decision-making power such as landlords and those receiving the benefits such as tenants) and often affecting the whole sector (such as the lack of certainty in established energy efficiency schemes).
It should be noted that the corresponding policy attributes are not defined as simply the "ability to overcome the barrier." Rather, they are defined as an ability to address the relevant barrier without dependence on government legislation or events in the wider energy efficiency landscape. For example, the ability of a retrofit policy proposal to be compatible with other policies reduces the dependence on established schemes, which are prone toward uncertainty as governmental priorities and the supra-national landscape change. If a policy proposal is more easily embedded into established schemes or infrastructures such as public tax schemes, it is more likely that the policy can survive a change in national energy efficiency priorities and overcome the risk of uncertainty in existing energy efficiency policies. Similarly, a lack of long-term governmental planning for transitioning the housing stock cannot be directly overcome by the retrofit sector itself but rather needs buy-in and long-term alignment from multiple governmental departments. However, improving coordination within the retrofit supply chain by building local multi-stakeholder consortia addresses the lack of long-term planning by building resilience into the supply chain and reducing the dependence on government planning of the longevity of retrofit initiatives.
The remainder of this section assesses the policy proposals with respect to their demonstration of the attributes outlined in Table 4 It should also be noted that the performance of policies against certain high-level drivers (contribution towards achieving UK carbon targets, mobilization of the SWI market, and protection of fuel-poor consumers) is dependent on the coverage, reward and penalty levels, and length of the schemes. The potential for policy performance to change if these policy characteristics are altered is highlighted in the discussion presented in the rest of this section.
The lack of certainty in established schemes, which is a political barrier widely cited by the interviewed stakeholders, can be overcome by policies that are compatible with long-running schemes. All three tested policies show promise for compatibility since they are built on the infrastructure of existing tax and mortgage schemes employed across the UK. In particular, the tax-based policies can successfully complement other potential policies, but care must be taken to avoid overlap on financial incentives [12] . Furthermore, all schemes could also effectively complement rather than replace a new phase of the ECO especially the VCT: ECO3, the ECO's newest revision, which proposes to allow suppliers to meet 25% of their obligations by delivering measures to households identified by local authorities [28] . Simultaneous deployment of the VCT could align well with this proposal for extended collaboration particularly as both the VCT and the ECO would require the identification of fuel-poor and low-income properties in order to exempt or discount their penalization and avoid policy regression (in the case of the former policy) and accurately identify the target population of households for ECO3. The fuel-poor homes exempted from VCT penalties by a local authority could become the target population of households for delivering ECO3 measures.
For compliance with business models of delivering agents, the VCT and VSDLT were both rated as 'certain' to overcome this barrier. For the former, local authorities delivering the policy could easily adapt their Council Tax liabilities system to include EPC ratings of properties. Similarly, the management of the VSDLT via a secure online platform could ensure rapid implementation of changes to the Stamp Duty scheme to reflect the EPC rating of properties. The GM scheme is very likely to comply with stakeholder business models since it reduces risk for lending organisations by increasing mortgage allocation security. However, its implementation could prove challenging to the flexibility of lenders' business models. Even though all policies rate well in their compliance with delivering agents' models, it is possible that some flexibility should be introduced in order to comply with the business models of other stakeholders in the supply chain. For example, energy companies have been encouraged to focus on innovations to generate energy savings with the ECO3 revision proposing to allow between 10% and 20% of supplier obligations to come from "innovative measures" [28] . The transition to a "smart energy system" is also being encouraged through the mandated roll-out of smart meters by energy companies in the UK [47] . All assessed policy proposals would benefit from incorporating a wider range of energy-saving measures including innovative measures such as smart heating controls in which installation would generate an EPC band upgrade. The VCT and VSDLT are likely to be able to accommodate an additional budget devoted to the subsidization of "innovative measures" within the annual budget limits of the ECO3. However, the GM would likely need to either restrict its coverage or increase mortgage repayment rates in order to accommodate potentially more expensive measures such as smart home technologies or heat pumps.
In order to address the lack of long-term planning from government, better coordination from stakeholders is required in order to unify and grow the retrofit market. All three policies performed well against this criterion due to their potential to boost demand for retrofit measures and, therefore, mobilize streamlined activity in the retrofit market, which reduces the fragmentation of the supply chain. The VCT has high potential for improving coordination among stakeholders, which is delivered through local authorities in conjunction with the closely monitored Council Tax schemes. Locally administered schemes are also considered more effective than centralized schemes at reducing fuel poverty [12] and a policy delivered through a local authority could, therefore, serve to bolster stakeholder confidence and improve coordination. However, renovating properties at the point of sale often involves packages of retrofit measures conducted simultaneously in order to save costs and time. Programs such as the GM could, therefore, serve to incentivize multiple retrofit measures particularly due to the two-band minimum upgrade, which could improve coordination in the supply chain by demanding more collaboration between manufacturers, designers, and installers. The VSDLT also offers point-of-sale retrofit incentives. However, the rewards are likely to be too low to incentivize extensive retrofit improvements and change the coordination of retrofit stakeholders.
Because of its potential contribution to overcoming the landlord-tenant split incentive barrier and relatively consistent importance assigned by stakeholders, the reflection of retrofit in property value was considered to be a performance criterion. All policy proposals performed well against this criterion by linking EPC upgrades to favorable tax or mortgage rates. However, some policy proposals promise to perform better than others. In the case of the VCT, a retrofitted property will be valued more highly by landlords only if the positive impact on long-term running costs of the property is acknowledged, which is something many landlords fail to consider [48] . The generally low level of long-term investment planning among many landlords [48] means that accurately reflecting retrofit in a property's long term running costs and, therefore, in the attractiveness of the investment, is dependent on a more general culture change among landlords. However, in the case of the GM and VSDLT, retrofit is more likely to be directly reflected in the property's actual asking price due to the fact that retrofit tends to be conducted in tandem with large-scale renovations undertaken for the purpose of boosting the market value of the property at the time of sale. Certain high-visibility retrofit measures such as smart heating controls or energy efficient appliances may boost prices further by increasing the attractiveness of the property to potential buyers viewing the property. Overall, the GM and VSDLT both perform better against this criterion because they incentivize retrofit at the point of sale, which returns the benefit of increased prices to the sellers within the timeframe of the transaction. It should be noted that, because it incentivizes minimum 2-band upgrades, retrofit under the GM would result in a comparatively higher increase in property value than under the VSDLT. In contrast, under the VCT, the benefit of increased property value is returned within a more extended timeframe unless the long-term running costs are accurately considered in the landlords' investment planning. The remainder of this section discusses the performance of the policies in relation to the wider governmental objectives outlined in Section 3.3.1.
The lack of focus on hard-to-treat properties, which would serve to mobilize the SWI market, caused all policy proposals to be rated poorly in their performance against this assessment criterion. The GM scheme was ranked as 'possible' to mobilize the SWI market due to the attractive mortgage and low-interest loan offers able to cover the high upfront costs of SWI. However, to avoid unaffordable monthly installments, the repayment periods for these incentives would have to be designed to be a minimum of 20 years. Other schemes were rated as 'unlikely' to mobilize the SWI market due to the low reward levels and long payback times. Under the proposed policy designs, individually, the policies would likely not have a significant impact on the mobilization of the SWI market and, if integrated into a policy mix, they would need to ring-fence and share policy revenue in order to achieve a higher rate of subsidies for SWI. Alternatively, the policies could, individually or as a mix, complement another scheme, which includes a specific target or subsidy level for SWI. The ECO3 scheme has proposed a target of 17,000 solid-walled homes each year [28] . It should be noted that the performance of assessed policies against this criterion is dependent on the ultimate reward and penalty levels as well as the length of policy duration, which have been assumed according to the original policy designs. If these assumptions are relaxed, the performance of policies in mobilizing the SWI market would likely be different.
The VCT, VDSLT, and GM can all make positive contributions to the UK's carbon reduction targets because they are not optional and they are attached to well-established tax or mortgage infrastructures. The VCT scheme is likely to drive the biggest decrease in carbon emissions with the original analysis suggesting that the VCT could save between 812,000 and 2.23 million t CO 2 per year [36] . The VSDLT is estimated to generate a reduction of between 208,000 and 417,000 t CO 2 per year [36] , which is substantially lower than the VCT due to the scheme's lower coverage. It should be noted that the performance of the policy proposals against this driver is reliant on the assumptions of policy coverage, which have been introduced for the purpose of this analysis but could be relaxed in the final policy design. Independent of coverage constraints, the non-compulsory nature of the GM means that this policy would likely generate the lowest reductions in CO 2 emissions of the assessed policies. In order to make significant progress towards UK carbon reduction targets, more effort would likely be needed to link up GM with existing government policies, e.g., by increasing minimum efficiency standards for rental properties [49] , which was recently implemented in the UK [50] .
In all policy proposals, easy-to-treat households are at a financial advantage to hard-to-treat households, which translates into a financial advantage of able-to-pay over fuel-poor consumers since 94% of the latter group tends to be primarily resident in the least-efficient properties [51] . In the least-efficient households, these cost differences cause a discrepancy in customer burden between easy-to-treat and hard-to-treat homes. This must be acknowledged and resolved through the differentiation of incentives in policies targeting both types of households such as those whose funding allocation mechanisms are based on lifetime CO 2 emissions savings.
Out of the assessed policies, the VCT and VSDLT could protect fuel-poor households from penalization by exempting them from penalties for low efficiency, which is assumed in the calculations for this study. In the case of the VCT, the UK Green Building Council suggests that existing Council Tax exemptions would protect vulnerable households [36] . In addition, local authorities already collect information from households by applying Council Tax reductions or exemptions usually on the basis of low income. It could be possible to extend the collection of information to include the fuel poverty status of the property for exemption from the VCT. In the case of the VSDLT, accurate identification and exemption from penalties of households at risk of fuel poverty is reliant on the robust assessment of a property's running energy costs and assessment of the relevant buyers' income, which is assessed as part of determining whether a stamp duty tax relief is applicable. Further research is needed to determine how much the imposition of this higher tax would impact the revenue of the property seller and whether fuel-poor sellers would, therefore, need to be excluded from the target population.
If the VCT and VSDLT were altered to exclude fuel-poor households, they would perform best in incentivizing customer demand without being regressive. They have large customer bases and incorporate exemptions and reliefs that fit to the existing tax infrastructure. However, they would need to be supplemented by other grant-based policies to specifically improve fuel-poor households. The GM does not protect fuel-poor households from receiving relatively worse mortgage rates and would, therefore, need to be supplemented by revenue recycling or a separate scheme to support the improvement of properties being mortgaged to low-income buyers, e.g., the UK Help to Buy scheme [52] . If the constraint of fuel-poor household exclusion is not applied and the final design of the VCT and VSDLT does not include an exemption of fuel-poor households, these programs would perform poorly in protecting fuel-poor households and would require specific support for low-income residents, which is similar to the GM.
Economic Analysis
As outlined in Section 3.3.2, the economic viability of each policy proposal is analyzed from the perspective of the customers and the funding organizations. The results for each policy are presented in Section 4.2.1 and Section 4.2.2.
Customer Profit-And-Loss Analysis Variable Council Tax
In the case of the VCT, it is found that solid wall (SW) households upgrading from the "penalty zone" (band E downwards) are unlikely to be incentivized by this policy due to high capital costs and unrealistic payback times (Table 5) likely to be much longer than the lifetime of the policy. For CW households, payback times can be as low as one year, which likely makes upgrades for inefficient households more appealing. The policy presents the potential to be regressive (i.e., disproportionately affecting lower-income groups) because it risks imposing higher customer costs on SW properties, which are traditionally inhabited by lower-income residents, than on CW properties, which are generally inhabited by higher-income residents [51] . Although payback times for households upgrading within the "discount zone" (i.e., band E or above, see Section 3.2.1) are identical for SW and CW properties, they are still quite long and certainly longer than the projected lifetime of the policy. Retrofit could, therefore, be incentivized only if tax adjustment rates are high enough and if discounts are dependent on the households' active undertaking of upgrades rather than simply existing in the discount zone at the start of the scheme (which would eliminate the risk of penalization and an incentive to upgrade for already-efficient households).
Variable Stamp Duty Land Tax
For the VSDLT, the results show that the proposed SDLT adjustments (penalties and discounts applied to the tax rate) also fall short of creating realistic payback times for most EPC upgrades with SW households being at a financial disadvantage (Table 6 ). The proposed adjustments in SDLT rates are relatively low and unlikely to offer the property seller an incentive to retrofit for the purpose of making their property more appealing to buyers. However, if the energy efficiency of a property is accurately reflected in the price of a property, it could generate an increase in capital value and offers financial gains at the point of sale and potentially serves as a driver for retrofit. This policy also presents a risk of being regressive with higher costs being imposed on SW than on CW properties. Green Mortgage
In the GM scheme, the upgrade of low-efficiency properties results in significantly higher monthly mortgage repayments for SW properties (Table 7) , which risks to exclude fuel-poor households situated in bands G and F. This is due to high capital costs and low mortgage rewards but also due to the fact that homeowners are expected to undertake minimum two-band upgrades to take full advantage of the re-mortgage offer. £75  £200  £35  £67  £47  £37  F to D  £73  £195  £33  £69  £43  £33  E to D  £29  £53  £29  £53  £12  £12  D to B  £27  £36  £27  £36  £32  £32  D to A  £60  £97  £60  £97  £37  £37 Although more efficient households are not subject to discrepancies between SW and CW instalment rates, the investment in retrofit measures is unlikely to be incentivized by bill savings and mortgage rewards alone. Similar to the VSDLT, it is likely that the upgrade must be reflected in the capital value of the property in order to incentivize these more efficient households both in the case of sellers looking to benefit from attractive mortgage rates and buyers looking to extend their mortgages under the scheme. For the latter group, this potential increase in capital value will only become an incentive if homeowners are planning to re-sell their property.
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Systemic Profit-And-Loss Analysis Variable Council Tax
Over its lifetime, the VCT scheme generates revenue of £1.6 billion and £521 million in the case of minimum uptake and maximum uptake scenarios, respectively (Figure 1) , for the funding organization (the UK government). Systemic losses accrue over time and are driven by a gradual transition towards more efficient housing and fewer penalizations and more rewards to households. Due to this accrual, the maximum uptake scenario is ultimately less profitable than the minimum uptake scenario since the number of households upgrading their EPC ratings and entering the "discount zone" over the lifetime of the policy is higher.
Over its lifetime, the VCT scheme generates revenue of £1.6 billion and £521 million in the case of minimum uptake and maximum uptake scenarios, respectively (Figure 1) , for the funding organization (the UK government). Systemic losses accrue over time and are driven by a gradual transition towards more efficient housing and fewer penalizations and more rewards to households. Due to this accrual, the maximum uptake scenario is ultimately less profitable than the minimum uptake scenario since the number of households upgrading their EPC ratings and entering the "discount zone" over the lifetime of the policy is higher. The potential for fiscal neutrality of the VCT scheme was recognized in the original policy proposal [37] . However, this study predicts lower cumulative systemic revenue than the original designers of the scheme. The is likely due to (i) the inflated costs of delivery associated with the mandatory provision of EPC assessments to fuel-poor households assumed in this study (see Supplementary Materials) and (ii) differences in the number of households in each EPC band between the time of the policy proposal and the time of writing, which may have affected the expected amount of penalties and rewards distributed.
Variable Stamp Duty Land Tax
In the case of the VSDLT, there is a significant divergence between the two uptake scenarios (Figure 2 ) with the seven-year scheme remaining revenue neutral for the first three years and the six-year scheme incurring losses from the start of deployment. By the end of their lifetimes, the minimum and maximum uptake scenarios incur overall systemic losses of about £291 and £697 million, respectively. Fiscal neutrality over the lifetime of the schemes can only be achieved by reducing SDLT rebates to 1% per EPC upgrade or supplementing government spending with external investments to the policies. However, the policy costs in both uptake scenarios are within the boundaries of the annual ECO3 budget and stamp duty rebates could be increased both in the minimum and maximum uptake cases. The potential for fiscal neutrality of the VCT scheme was recognized in the original policy proposal [37] . However, this study predicts lower cumulative systemic revenue than the original designers of the scheme. The is likely due to (i) the inflated costs of delivery associated with the mandatory provision of EPC assessments to fuel-poor households assumed in this study (see Supplementary Materials) and (ii) differences in the number of households in each EPC band between the time of the policy proposal and the time of writing, which may have affected the expected amount of penalties and rewards distributed.
In the case of the VSDLT, there is a significant divergence between the two uptake scenarios (Figure 2 . ) with the seven-year scheme remaining revenue neutral for the first three years and the six-year scheme incurring losses from the start of deployment. By the end of their lifetimes, the minimum and maximum uptake scenarios incur overall systemic losses of about £291 and £697 million, respectively. Fiscal neutrality over the lifetime of the schemes can only be achieved by reducing SDLT rebates to 1% per EPC upgrade or supplementing government spending with external investments to the policies. However, the policy costs in both uptake scenarios are within the boundaries of the annual ECO3 budget and stamp duty rebates could be increased both in the minimum and maximum uptake cases. The results of this analysis are in contrast to those postulated by the original policy authors, which state that fiscal neutrality is possible [36] . The same authors expect annual gross revenue to the government to range between £404 and £807 million. In contrast, this study found gross revenue to the government to range between £7 million and £49 million. These differences are not trivial and, while they are likely also associated with differences in the number of households in receipt of stamp duty and in each EPC band, further research is needed to determine the impact of these changes. The results of this analysis are in contrast to those postulated by the original policy authors, which state that fiscal neutrality is possible [36] . The same authors expect annual gross revenue to the government to range between £404 and £807 million. In contrast, this study found gross revenue to the government to range between £7 million and £49 million. These differences are not trivial and, while they are likely also associated with differences in the number of households in receipt of stamp duty and in each EPC band, further research is needed to determine the impact of these changes.
Green Mortgage
Under the two uptake scenarios of the GM scheme, total lender revenue at year 10 of repayment decreases over the duration of the scheme (Figure 3 ) due to the increase in efficiency of participating households and a fall in profits as the housing stock in G, F, and E bands becomes more efficient, which provides lower interest revenue due to shorter repayment periods.
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The gradual shrinking of repayment profits could introduce a regressive tendency of lenders trying to maintain a balance between efficient and less-efficient properties in their investment portfolio. This could lead to decreases in the size or availability of mortgage 'rewards' for potential buyers. This could imply either less attractive mortgage rewards overall or a decrease in mortgage offers for less efficient properties, which require more investment. External funding aid would be required to maintain the appeal of the scheme to homeowners.
Summary of Economic Analysis
The financial burden on consumers, qualified as a level of impact (This level of impact was based on the payback times and capital costs to residents of retrofit measures installed under the different schemes compared to that of the other schemes) differs between policy proposals, which is shown in Table 8 . The VSDLT due to the low level of reward has the highest customer burden while the VCT and GM generate reasonable costs and payback times to consumers. It should be noted that the qualifications of customer financial burden are indicative only and significant variation within each policy proposal is expected due to the cost differences between SW and CW properties.
There is variation in the financial burden that the policies place on consumers. The VCT poses the least cost to customers followed by the GM, which shows the most promise in reducing upfront retrofit costs by virtue of monthly repayment schedule. The VCT also has the potential to reduce upfront installation costs. However, the reward or subsidy levels are dependent on available public funding and are limited in the support offered to customers. The VSDLT is unlikely to reduce upfront costs significantly due to the rebate being applied to the buyer rather than to the seller of the property (the party undertaking the retrofit). However, linking the reduced tax rate to increased property value and increased competitiveness in the property market, is an asset that could offset the low reward levels of the VSDLT (and improve the attractiveness of the GM) in the long-term. Lastly, all Figure 3 . Trajectory of systemic revenue generated by the Green Mortgage (GM) as profits generated in year 10 of loan repayment for upgrades undertaken in year 1-6. Note that the irregular shape of the minimum uptake curve is due to the rate at which households are assumed to undertake upgrades.
There is variation in the financial burden that the policies place on consumers. The VCT poses the least cost to customers followed by the GM, which shows the most promise in reducing upfront retrofit costs by virtue of monthly repayment schedule. The VCT also has the potential to reduce upfront installation costs. However, the reward or subsidy levels are dependent on available public funding and are limited in the support offered to customers. The VSDLT is unlikely to reduce upfront costs significantly due to the rebate being applied to the buyer rather than to the seller of the property (the party undertaking the retrofit). However, linking the reduced tax rate to increased property value and increased competitiveness in the property market, is an asset that could offset the low reward levels of the VSDLT (and improve the attractiveness of the GM) in the long-term. Lastly, all policy proposals would likely require a specific focus on hard-to-treat properties where the upfront costs to customers are higher and generate increased capital expenditure and payback times. From a systemic perspective, the analysis shows that, in principle, the government-funded policies are economically viable while the GM proposal would require more funding to achieve the proposed retrofit coverage. The VSDLT shows the lowest relative costs of deployment and could significantly reward the customer base while still maintaining its systemic losses within the budget of the ECO3. However, the scheme does not generate any revenue for funding organizations by the end of its lifetime. However, the VCT and GM schemes have higher annual deployment costs but generate profit to the funding organizations by the end of their lifetimes. Furthermore, the profit generated by the VCT would ensure cost-neutrality of the scheme to the UK government as well as raise extra public funds, which could be earmarked for further retrofit upgrades. The VSDLT has the potential to reduce its systemic financial burden by inflating penalty rates for inefficient households. However, since it already has a high financial burden on customers, this is unlikely.
The economic viability analysis reviews the ability of each policy proposal to reduce upfront retrofit costs and incentivize uptake within the limits of their budget. In this context, this ability is mostly related to the amount of financial support each scheme can offer to residents either to reduce costs (subsidies or loans for installation) or to incentivize uptake (rebates, discounts, and increases in property value). It should be highlighted that cost reduction alone will not necessarily generate a respective increase in the demand for retrofit. To achieve a wider increase in demand, schemes that generate customer cost reductions should be coupled to other forms of retrofit incentives such as either market-based solutions (for example, an increase in property value) or legislated solutions (such as targeted grant schemes or minimum energy efficiency standards), which is highlighted in Section 4.1. In the following sections, we review our economic and stakeholder analyses side by side in order to holistically assess the policies' performance in the context of the UK retrofit sector.
Final Assessment
When combining the stakeholder and economic viability analyses of the policy proposals outlined in Section 3.3.3, a complex picture emerges. All policies demonstrate satisfactory potential to overcome the main political barriers identified by stakeholders, but the VCT and the GM stand out as having particularly effective potential for creating demand including for multi-measure retrofits, which enables coordination in the supply chain, Additionally, being easily aligned with existing schemes helps overcome the main political barriers. In addition, the VCT could serve to empower local authorities to work more closely in delivering retrofit schemes and address fuel poverty. The GM has advantages over the other two policies with respect to the customer-related issue of reflecting the value of retrofit in property value. The ability to extend mortgages and attract better repayment rates could incentivize property buyers looking to subsequently let their property, known as the fast-growing "Buy-to-Let" demographic, install retrofit measures even though the energy cost reductions do not directly benefit them. By investing in the property and collecting mortgage-based rewards, property owners can benefit from increased value of their property to potential tenants even without reaping any benefits from energy bill savings. The performance of policies against certain governmental objectives (contribution to carbon savings, mobilization of the SWI market, and protection of fuel-poor households) is reliant on characteristics of the original policy design such as policy coverage, which could be altered. However, against the original policy design and characteristics of the UK housing sector, it is found that the VCT performs better than the GM in protecting fuel-poor consumers and contributes towards national carbon savings targets while none of the policies perform well in mobilizing the SWI market. In light of this, the VCT scheme is considered the best-performing policy at addressing stakeholder barriers and drivers closely followed by the GM and, finally, by the VSDLT.
Financially, the VCT and GM impose the lowest burdens on customers (with the incorporated repayment schedule of the GM making it potentially more attractive) and generate revenue to their funding organizations under the assumptions of this study. However, the GM cannot be deployed within the boundaries of the ECO3 budget and, as such, the assumption on policy budget constraints would need to be relaxed in order for this policy to be financially viable from a systemic perspective. If the policy budget constraint cannot be relaxed, the value of GM mortgage extensions and associated rewards would need to be reduced. However, this creates a trade-off with higher burdens on consumers and, therefore, potentially lowers demand for the scheme altogether. The VSDLT imposes a high financial burden on customers due to the low penalty and reward levels assumed in the original policy design. These penalty and reward levels of the VSDLT could be increased substantially while still maintaining systemic losses within the annual budget of ECO3. This could increase demand but would create a trade-off with the alternative use of an extra budget to support fuel-poor households or hard-to-treat homes or an increase in the coverage of the scheme, which would contribute more towards UK carbon targets.
Overall, none of the policies are able to overcome all the barriers and capitalize on all the drivers present in the UK retrofit sector, which is shown by their different performances with respect to many of the attributes expected by the stakeholders. While the performance of policies against certain criteria is dependent on assumptions about policy coverage and techno-economic aspects of the retrofit measures, the ability of policies to overcome most barriers and capitalize on most drivers is a result of the intrinsic policy design independent of these assumptions. The selection of the VCT and GM as the best-performing policies is due to their ability to overcome most stakeholder barriers independent of their original design characteristics. If these design characteristics are set to maximize the coverage, the duration, and the reward levels within the policy's budget performance, the impact of these policies could be further enhanced. These results indicate that, while it is possible to identify high-performing policies for overcoming certain barriers for retrofit measures, correctly identifying the perceived importance of these barriers is important. Should a decision-maker focus solely on one category of barriers or on those with high perceived importance to one stakeholder alone, applying this policy assessment methodology would yield different results and recommendations. Further research should be conducted to validate the importance of stakeholder barriers including a sensitivity analysis of policy performance under variable prioritization of these criteria. Additional research is also recommended to quantify the predicted policy performance against high-level criteria such as CO 2 emissions reductions for which an accurate quantification was outside the scope of this paper.
Within the research area of energy efficiency policy evaluation, the need for multi-criteria assessment incorporating non-economic barriers has been highlighted in case studies from various Western European countries. For example, in Reference [53] , the authors introduce a multi-criteria policy assessment framework to the KfW Energy Efficient Refurbishment and Construction programs in Germany. The authors focus on policy success characteristics such as transferability, innovation, and cost-effectiveness without explicitly incorporating the performance of the programs against sectoral barriers. In Reference [54] , the authors also emphasize the need for expanding policy design and assessment to include non-economic aspects, e.g., the ability to improve user comfort. They identify a gap in addressing these aspects within the Norwegian residential energy efficiency policy but suggest a strengthening of regulatory measures and customer-focused awareness-raising programs rather than financial instruments such as those evaluated in our study.
The broader literature on energy efficiency policy instruments, however, frequently highlights the use of financial instruments as potentially effective mechanisms for addressing the complex set of barriers in the retrofit sector. Tax-based policies have long been highlighted as an increasingly attractive replacement for direct subsidies. At the same time, the pressure on public finance has led to an increase in policies designed to be based on private investment, which is the case of the GM [55] . The ability to provide positive returns on investment, as the VCT and GM do, has been highlighted as an important policy characteristic for governments whose energy efficiency budgets are under pressure such as the UK's ECO budget [56] . In Reference [57] , the authors highlight broader tax credit mechanisms as popular and effective retrofit incentive methods in France. However, concerns are raised around the ability of these mechanisms to promote deep renovation such as the installation of insulation around their potential regressive nature [57] .
A study on British and German energy efficiency policy highlighted both the need for protecting and benefitting lower-income households as well as the importance of long-term scheme certainty independent of changes in political commitment. The need for additional funding to make up the shortfall in deployment of costly retrofit measures (such as SWI in the UK) was also highlighted in both policy landscapes [58] . In Reference [59] , the authors find that an increasing number of measures are encouraging local approaches for refurbishment such as those at a public authority level as well as putting in place provisions for low-income households, which is a recommendation highlighted in Reference [60] . The importance of involving local authorities in the delivery of energy efficiency programs is discussed in Reference [61] , which corroborates our interpretation that the VCT would benefit the residential retrofit supply chain by involving public authorities more comprehensively.
The ability of the GM scheme to reduce risk in investments by mortgage lenders and, therefore, incentivize uptake has been highlighted in Reference [62] while case studies from the Netherlands find that programs offering mortgage-backed securitization of the most energy efficient properties has boosted investor confidence [63] . However, in Reference [64] , the authors recommend a government-led move towards introducing price premiums ("sale-ability") for more energy efficient properties as a precursor to incentivizing mortgage lenders towards private investment in energy-efficiency schemes. According to this view, an introduction of the GM at a national level would, therefore, be dependent on the roll-out of the VSDLT scheme as a primer for involvement from lending institutions.
Lastly, in a specifically UK-focused study, comprehensive recommendations are provided for implementation of the VSDLT by highlighting its potential for wide coverage and a positive impact. The study reviews the VCT as being challenging to implement with the appropriate safeguards [63] . These recommendations are not in line with our findings that the VCT performs better than the VSDLT primarily due to the fact that, in Reference [60] , the VCT is not assumed to be necessarily supported by the central government funding and, as such, is viewed as risky for the budgets of local councils, which are already under pressure. In our study, the policy is assumed to be supported by the central government with local authorities as potential delivering agents. However, when it comes to green mortgage schemes, our findings are in line with those of Reference [60] who recommend changes in the Mortgage Market Review to include more accurate energy cost calculations in mortgage affordability assessments and provide mortgage extensions for financing retrofit installations.
Conclusions and Policy Recommendation
In this paper, we propose and apply a simple policy assessment to three policies proposed as replacements for the UK's current major energy efficiency program. The proposed method assesses the performance of policies against three dimensions including economic viability, the ability to overcome stakeholder barriers, and alignment with wider governmental objectives. The final section of this paper offers some concluding remarks including recommendations for future research and proposes a policy mix to overcome the trade-offs between the individually assessed policies.
A simple assessment of the VCT, GM, and VSDLT proposals shows that all policies have the potential to reduce the cost of retrofit and overcome the barriers identified by actors in the UK residential retrofit system. However, none of them have been designed to overcome all the barriers and capitalize on all the drivers present in the UK retrofit sector. Furthermore, the original design of the policies including characteristics on policy coverage, duration, and the value of rewards and penalties means that the policies' economic performance as well as their performance against several governmental objectives could be improved if these characteristics are changed.
In combination, these three policies perform well in addressing customer-related issues, incentivizing residents and landlords directly through a "carrot-and-stick" approach, and covering the rental and sales market in their combined customer base. The combination also offers good prospects for compliance with the business models of delivering organizations and the development of expertise in a fragmented supply chain. In addition, it is aligned with existing tax and lending infrastructures, which potentially minimize administrative costs and increase demand. It also offers opportunities for addressing customer-related, political, economic, and supply chain barriers in tandem.
Although the individual policies offer good prospects for contributing to national carbon reduction targets, they are less able to contribute to the significant reduction of retrofit costs for hard-to-treat homes and, therefore, to the mobilization of the SWI market. In addition, none of the policies promise the specific targeting of fuel-poor households. A separate policy scheme would likely be required to boost the installation of SWI and support fuel-poor housing more actively. These features are present in the most recent proposal for the next phase of the UK's ECO. As such, the suggested policy mix would likely need to be deployed alongside the ECO or a similar grant-based program with set targets for supporting fuel-poor households and for installing SWI. However, this would mean that the systemic cost of deploying the policies would likely exceed the annual budget of the ECO3.
Future policy designs could, therefore, consider a lower-coverage mix of these schemes deployed in parallel and funded through both government and lending institutions spending by paying attention to the risk of overlap between incentives [53] . In the case of the VSDLT and GM, which target the same groups (property buyers) and, therefore, run the risk of overlap [65] , design features should be introduced to ensure that the effectiveness of the policy mix is at least the same as that of the individual policies. In addition, trade-offs between policy success factors must be acknowledged at the design stage. For example, the policies assessed in this study are longer-running than the other proposals (ECO3 is designed to run for 3.5 years), which offers a marginal benefit of long-term certainty along with a penalty of high lifetime costs due, in part, to their length. Another example is that, while the operation of all three policies on established financial infrastructures could increase demand, using exclusively private or public funding for each scheme could be questioned when the demand for financial innovation and public-private partnerships in delivering decarbonisation programs increases [66, 67] .
Existing research on energy efficiency policy evaluation shows a broad consensus on the suitability of tax-based mechanisms for incentivizing retrofit processes. This is in line with our findings regarding the benefits of positive financial returns, involvement of local actors, and the operation of a pre-existing tax infrastructure of the VCT. Similarly, the GM is highlighted as a recommendation for future UK energy efficiency policy given its ability to attract private investment and reflect the value of retrofit in a property's cost. However, there are some discrepancies between existing research and our findings that the VSDLT is the worst-performing policy of those assessed in this study. These discrepancies would need to be investigated further under different policy funding scenarios. Further evaluation of the VCT, VSDLT, and GM policies would also need to assess the suitability of regulatory mechanisms and information campaigns in place in the UK as supporting structures for deploying financial policy instruments.
The research presented in this study has several limitations, which should be considered within policy recommendations or when planning future research. First, in further work, the number of stakeholders included in the analysis could be increased to produce a more representative assessment of the importance of retrofit barriers and drivers in the UK. Second, to further refine future policy recommendations and to better analyze intrinsic policy shortfalls, the policy performance under different sets of assumptions or constraints could be undertaken. Finally, the nature of this study is such that it was limited to the analysis and comparison of only three policies. Other policy proposals could be incorporated into future research to provide current and robust recommendations for an optimal future policy mix. As highlighted in Section 4.3, it is recommended that incorporation of these other policy proposals focuses on regulatory instruments and awareness-raising programs as key components of an effective policy mix.
This study provides insight into the attributes that new retrofit policy proposals should demonstrate such as the reduction of costs to customers and funders, the alignment with high-level drivers of the sector, and the removal of the barriers perceived by stakeholders. By acknowledging the range of these necessary attributes, future policies can be designed to prioritize certain features and balance trade-offs between stakeholders and governmental and customer needs, which increases overall effectiveness. A combined delivery of policies could widen the target base of retrofit schemes while allowing for the involvement of several institutions such as local authorities and mortgage lenders, which could aid the 'bottom-up' development of the retrofit supply chain. This serves to address the fragmentation of the retrofit supply chain and show increased resilience in the face of long-term political uncertainties and an enhanced ability to effectively target sector barriers. Overall, conducting policy assessments based on economic and non-economic criteria alike and acknowledging the diversity of needs and preferences of actors in the sector can serve to better identify the gaps, opportunities, and potential policy mixes for delivering impactful and effective domestic energy efficiency programs in the UK and around the world.
